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Understanding the transport of three fluid phases through porous media has 
important applications in subsurface contaminant remediation, oil and gas recovery, 
and geological CO2 sequestration.  Existing transport models may be improved by 
including physical phenomena that govern fluid flow at the pore scale.  In particular, 
thermodynamic arguments suggest that hysteresis in the capillary pressure-
saturation (Pc-S) relationship may be resolved by including an additional parameter, 
fluid-fluid interfacial area per volume (anw).  Synchrotron-based Computed X-ray 
Microtomography (CMT) is a method that allows observation of fluid interfaces.  
Flow experiments were conducted using CMT to investigate uniqueness of the Pc-Sw-
anw relationship in a porous media system containing three immiscible fluid phases.  
Drainage and imbibition surfaces were fit to Pc-Sw-anw data collected over a limited 
range of water saturations.  The root-mean-square error (RMSE) between the 
drainage and imbibition surfaces was negligible, indicating that the Pc-Sw-anw 
relationship is unique.  These results are a first step in validating the Pc-Sw-anw 
relationship for three-phase porous media systems.  In addition, spreading 
intermediate-phase layers were observed to bring oil and solid into contact, which in 
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period.  These observations confirm a proposed theoretical scenario that three-
phase systems are more susceptible to wettability changes than to two-phase 
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Porous Media 
Chapter 1 - Introduction 
Systems of three immiscible fluids, such as water, oil and air, existing simultaneously 
in porous media are of interest in fields including hydrogeology, environmental 
engineering and petroleum engineering.  Such a system may arise, for example, if 
nonaqueous phase liquid (NAPL) spills or leaks into the unsaturated zone of the 
subsurface; during geologic carbon sequestration, when carbon dioxide gas (CO2) is 
injected into a depleted oil reservoir that contains residual oil as well as brine; or 
when oil recovery is enhanced by waterflooding or air injection.  Understanding the 
physics of flow and transport of the fluids in these systems is important for modeling 
contaminant migration, effectively immobilizing CO2 through capillary trapping, and 
maximizing extraction of oil, respectively. 
Field-scale multiphase flow models typically rely on extensions of Darcy’s law and 
empirical relationships.  A shortcoming of this approach is that the important pore-
scale physical phenomena that govern multiphase flow are not explicitly accounted 
for.  The models are therefore limited in their detail and applicability.  Better 
understanding of fluid behavior at the pore scale, combined with appropriate 
upscaling methods, could help build better models to predict fluid flow and transport 
in these systems. 
Capillary pressure (Pc) as a function of fluid saturation (S) is one of the constitutive 
relationships commonly input to transport models to describe the capacity of porous 
media to conduct or retain fluids.  Pc-S curves are measured experimentally and vary 
from one porous medium to the next.  The relationship between Pc and S is not one-
to-one, but rather depends on whether the medium is in the process of wetting 2 
 
(imbibition) or drying (drainage).  This history dependence is referred to as 
hysteresis.   
At the pore scale, Pc depends on the curvature of the fluid-fluid interfaces and fluid-
solid contact angle.  The ambiguity in the Pc-S relationship arises because many 
different pore-scale fluid configurations can correspond to a given fluid saturation.  
This suggests that an additional macro-scale variable is needed to account for fluid 
configuration, providing a link between fluid content and system energetics.  Based 
on thermodynamic considerations, Hassanizadeh and Gray (1993) suggested that the 
required variable is interfacial area per volume, which measures fluid morphology 
and topology.  The interfacial area per volume that is important to the Pc-S 
relationship is that between the nonwetting and wetting fluid phases in two fluid 
phase systems and is denoted anw.  In three-phase systems, anw represents any of 
three interfacial areas per volume between less-wetting and more-wetting phases:  
for example, in a system containing air, oil and water, it could represent air-water 
(aaw) oil-water (aow) or air-oil (aao). 
According to this theory, the Pc-Sw-anw relationship is single-valued for both 
imbibition and drainage, and hysteresis between these processes in traditional Pc-S 
curves is due to the fact that the three-dimensional surface is being projected onto a 
two-dimensional plane.  Experimental validation of this theory has been carried out 
in simplified, two-fluid-phase systems.  The experiments have confirmed the 
uniqueness of the Pc-Sw-anw surface; that is, the hysteresis between the processes 
was lifted for the observed systems (Chen, Pyrak-Nolte et al. 2007; Porter, 
Wildenschild et al. 2010).  Thus, these three parameters seem to be sufficient to fully 
describe the equilibrium state of two-phase porous media systems.   
The objective of the current study is to investigate whether the uniqueness of the Pc-
Sw-anw surface also extends to three-fluid-phase systems.  Three-phase systems are 
significantly more complicated than two-phase ones:  the presence of a third phase 3 
 
means that there is not just one capillary pressure, but three (air-water, air-oil, and 
oil-water), as well as three fluid saturations (air, oil, water), and six measures of 
interfacial area per volume (air-water, air-oil, oil-water, air-solid, oil-solid, and water-
solid).  Because three-phase experiments are difficult to carry out, existing models 
meant to predict transport of three fluid phases are based on expansion of two-
phase data.  Theoretical three-phase phenomena, such as intermediate wetting 
phase spreading, have been incorporated into models, but there is a need for 
experimental Pc-Sw-anw data for three-fluid systems to validate and calibrate them. 
Interfacial area per volume measurements can be obtained using high-resolution, 
three-dimensional computed X-ray microtomography (CMT), which offers a means to 
visualize fluids at the pore scale, on the order of microns, during fluid imbibition and 
drainage.  The pore-scale measurements can subsequently be transformed via 
averaging theorems to the macro-scale, resulting in a mathematically rigorous 
description of multiphase flow.   
   4 
 
Chapter 2 - Background 
Physical Processes 
Capillary Pressure 
Fluid moves in response to local potential gradients.  In porous media, capillary 
forces due to attractive forces between the solid and fluid phases are the dominant 
contribution to the pressure potential.  Of the attractive forces between a solid and 
fluid, which include van der Waals, electrostatic dipole, and osmotic forces, surface 
tension affects the water in bulk and is the most influential in transport. 
Capillary pressure in a cylindrical capillary tube is defined by Laplace’s Law:   
 
where Pc,eq is the equilibrium capillary pressure, defined as the pressure difference 
across a nonwetting-wetting fluid interface.  Pnw is nonwetting fluid pressure, Pw is 
wetting fluid pressure, ˃ is surface tension between the two fluids, R is the radius of 
the capillary tube, and θ is the contact angle.  These parameters are illustrated in 
Figure 2-1. 
                       
      
 
  Equation 2-1 5 
 
 
For a contact angle of zero, which is the case in a system with a strongly water-wet 
solid, Laplace’s Law reduces to:   
 
where r is the radius curvature of the interface.    
The phase on the concave side of the interface must have a pressure Pnw that is 
greater than the pressure Pw on the convex side.   The Laplace equation shows that 
the effect of surface tension ˃ is to pull the interface farther into the capillary tube 
unless it is opposed by a sufficiently great difference between Pnw and Pw. 
Solid properties that affect fluid transport 
Using Laplace’s Law, we can equate pore size to the capillary entry pressure of each 
pore.  The ratio of fluid volume to total accessible pore volume is saturation.  The 
 
Figure 2-1:  Definition of Capillary Pressure 
                       
  
 
  Equation 2-2 6 
 
relationship between energetics, represented by capillary pressure (Pc), and water 
content, represented by saturation (S), is one of the constitutive relationships 
commonly used to characterize porous media.  Pc-S curves provide much of the 
information required to hydraulically characterize the soil-water relationship.  These 
curves generally have an S-shape due to pore size distribution, which is modified 
with a particular slope, air and water entry pressure for a particular porous medium.  
Multiphase flow simulators, developed to model flow through the vadose zone or 
migration of non-aqueous phase liquids (NAPLs), typically require the Pc-S 
relationship for a porous medium as an input.   
 
 
Figure 2-2:  Example Pc-S curve:  upper curve is wetting fluid drainage path, and lower curve is 
wetting fluid imbibition path.  The radii of pore necks (rn) and pore bodies (rb) determine the 
pressures at which nonwetting and wetting fluid enter the medium, respectively.  Hysteresis exists 
between the two paths. 7 
 
As shown in Figure 2-2, the drainage of a wetting fluid from a porous medium is 
controlled by the narrowest pore radius, also referred to as a pore neck, with radius 
rn.  On the other hand, the imbibition of a wetting fluid into the same medium is 
controlled by the widest pore radius, also referred to as a pore body, with radius rb.  
Therefore, the inflection points and slopes of the Pc-S curves give information about 
the effect of pore size distribution on fluid movement and retention.  Drainage and 
imbibition of a wetting fluid occur at different pressures, so hysteresis occurs 
between these two process paths. 
Fluid displacement during drainage versus imbibition 
To measure the Pc-S relationship, a flow column is filled with porous material.  The 
column is situated vertically, with a semipermeable, hydrophilic membrane 
separating the porous medium from tubing connected to a water reservoir.  Once 
the membrane is wetted, water may continue to pass through its pores, but air will 
not be able to until a capillary pressure greater than Pentry, determined by Equation 
2-2, is applied to the membrane. 
The membrane has pore radii smaller than the pores in the sample material, so 
following the primary imbibition the membrane will remain water-saturated 
throughout the experiments.  To begin the experiments, water is pumped into the 
system to the level of the top of the beads, where Pc=0.  From this water-saturated 
state, an invading nonwetting fluid will only displace the water in a pore if the 
capillary pressure increases beyond the capillary entry pressure for that pore, given 
by Equation 2-1.  The entry pressure is inversely proportional to the pore size.  As 
water is drained from the porous medium, the pores with the greatest throat radius 
will drain first, followed by pores of progressively smaller throat radii.  The wetting 
fluid drains from the smallest pores last. 
There is a minimum water saturation beyond which the porous medium will not 
drain, even at increased pressures.  In packs of smooth glass beads, which do not 8 
 
have corners or surface roughness to serve as hydraulic conduits, this irreducible 
water saturation consists of isolated pockets of water left behind when films of 
water break in the very small radius regions at particle contacts.  These so-called 
pendular rings do not drain because they lose connection with the bulk fluid phase. 
Starting at this minimally-saturated state, when flow is reversed and water flows into 
the pore space, displacing the nonwetting phase, capillary pressure decreases.  The 
pressure difference across the wetting-nonwetting interface is not great enough for 
the nonwetting fluid to remain in pores of radius less than that given in Equation 2-2.  
Thus, the wetting fluid enters the smallest pores first. 
 
Figure 2-3:  Interfacial equilibrium positions during drainage versus imbibition 9 
 
Definition and causes of hysteresis 
For any given wetting phase saturation, there are two average capillary pressures at 
which the system may be, depending on whether the medium is in the process of 
imbibing or draining.  Therefore capillary pressure cannot be determined simply from 
saturation or vice versa.  The Pc-S relationship depends on the history of the system, 
and the imbibition and drainage curves are referred to as hysteretic.   This hysteresis 
is due to the effect of contact angle and pore structure on pore filling versus draining 
capillary pressures (Figure 2-3) as well as to nonwetting fluid entrapment effects.  
Employing non-hysteretic Pc-S relations in computer models to predict subsurface 
fluid distribution are likely to be inaccurate (Lenhard 1992). 
Interfacial area 
It has been theorized that the capillary pressure-saturation relationship is a two-
dimensional projection of a more extensive functional dependence; that is, at least 
one more variable is needed to explicitly describe the state of the system 
(Hassanizadeh and Gray 1993; Gray and Miller 2011).  For a two-phase system, 
nonwetting-wetting interfacial area per volume (anw) has been proposed as the most 
important variable and may be essential to describing the state of the system.  This 
hypothesis has been tested in simplified experimental systems, and those studies 
have indeed shown that Pc-S-anw drainage and imbibition surfaces are not hysteretic 
(Chen, Pyrak-Nolte et al. 2007; Porter, Wildenschild et al. 2010).   Comparison of the 
root mean squared error (RMSE) between drainage and imbibition surfaces plotted 
separately and plotted together shows that there is not a significant difference 
between the surfaces, as shown in Figure 2-4.  In other words, the Pc-S-anw 
relationship is unique. 10 
 
 
For a porous system with more than one fluid phase, interfacial areas can be defined 
between the fluid phases and between each fluid phase and the solid.  For systems 
containing three fluid phases, wetting, intermediate, and nonwetting, six interfacial 
areas can be defined:  intermediate-wetting, nonwetting-intermediate, and 
nonwetting-wetting, as well as between each fluid phase and the solid.  The 
interfacial areas per volume that are important to the capillary pressure-saturation 
relationship are those between fluids. 
Introduction of a third phase 
The three fluids in this study are water, oil (LNAPL), and air.  If the porous medium is 
water-wetting, water will spread over the solid surface, effectively creating water 
surfaces.  Oil is the intermediate-wetting phase, and when introduced to the system, 
 
Figure 2-4:  If interfacial area per volume is included as a third variable, the drainage and imbibition 
curves fall on a unique surface (Porter, Schaap et al. 2009). 11 
 
spreads spontaneously over the water surface because the system has a positive 
spreading coefficient.  Equation 2-3 below defines the spreading coefficient.   
 
The contrasting case is a nonspreading system, in which the oil remains in a lens on a 
water surface, which may occur if the spreading coefficient is negative.  Most mineral 
oils, including Soltrol 220, the oil used in these experiments, are classified as 
spreading by Equation 2-3.  Air is the nonwetting phase, and occupies pore centers. 
In this three-phase spreading system, there will be three capillary pressures:  oil-
water, air-water, and air-oil.  The oil-water capillary pressure is determined 
experimentally by measuring the difference between the pressures in two of the 
phases with a pressure transducer.  The air phase cannot be probed with a 
transducer, so the air-water and air-oil capillary pressures must be calculated by 
other means, for example with the Laplace Equation, using air-water and air-oil 
curvatures measured from images generated using X-ray microtomography. 
Microtomography 
General X-ray computed tomography (CT) theory 
X-ray computed tomography (CT) is a non-destructive technique for determining the 
internal structure of an object.  CT works by acquiring multiple two-dimensional 
radiograph views over a range of angular orientations.  By this means, additional 
depth data are obtained in comparison to data from conventional X-radiography, 
which have only one view.    
                         Equation 2-3 12 
 
 
The simplest common elements of X-ray radiography are an X-ray source, an object 
to be imaged through which the X-rays pass, and a series of detectors that measure 
the extent to which the X-ray signal has been attenuated by the object.  The 
arrangement for synchrotron-based microtomography is shown in Figure 2-5.  When 
X-rays penetrate an object, some are transmitted and some are attenuated either by 
absorption or scattering within the sample.  For monochromatic, or single-energy, 
radiation with incident intensity I0, the X-ray beam is attenuated after passing 
through a sample of thickness D, to yield an attenuated intensity, I, with a magnitude 
described by Lambert-Beer’s Law: 
 
where μ is the sample-representative linear attenuation coefficient [L
-1], which 
depends on the electron density of the material, the energy of the radiation, and the 
bulk density of the sample material.   
 
Figure 2-5:  Synchrotron-based X-ray microtomography setup 
              Equation 2-4 13 
 
Because the sample in this study contains solid, gas, oil and water phases, with each 
material contributing to the total X-ray attenuation, Lambert-Beer’s Law can be 
written as 
 
where the subscripts s, w, and o denote solid, water and oil, ˁ is the material density, 
φ the porosity and S is the saturation.  We assume that attenuation by the gaseous 
phase is negligible.  The transmitted beam will appear darker, i.e. have a lower 
grayscale value, if it has been highly attenuated. 
Detectors collect the two-dimensional transmission data at multiple angles as the 
sample column is rotated.  A computer-intensive reconstruction algorithm capable of 
inversely solving Lambert-Beer’s Law determines the attenuation of each individual 
voxel.  This analysis produces a three-dimensional map of linear attenuation values 
for the object.  In this way the phase composition throughout the sample can be 
deduced. 
There are different classes of CT scanners, including medical, industrial, and 
synchrotron X-ray sources.  They operate at different energies, can achieve different 
spatial resolutions, and are appropriate for scanning objects of certain sizes and 
compositions (Wildenschild, Hopmans et al. 2002). In general, the scale of resolution 
is approximately one-thousandth of the scale of observation.  To achieve micro-scale 
resolution, synchrotron X-ray sources are required. 
Synchrotron radiation 
Synchrotron-based computed microtomography (CMT) was used to generate images 
for this study.  Synchrotron radiation is electromagnetic radiation emitted by high-
speed electrons spiraling in a magnetic field of a particle accelerator.  The electrons 
are decelerated by large electromagnets, resulting in the emission of X-rays. 
                      )                           )  Equation 2-5 14 
 
The high intensity of synchrotron radiation is required for this application for two 
reasons.  First, the electron beam must be collimated, meaning that all photons 
move along parallel paths.  Collimation allows for high-resolution imaging, which is 
required to measure fine detail, such as interfacial area, from the images. 
Second, for the purposes of this study the beam must be monochromatic, that is, all 
photons must have a single energy.  The single-energy beam can be adjusted to the 
peak photoelectric absorption energy of a particular element, so that the phase 
containing that element can be distinguished from other phases in the images.  The 
degree to which a feature can be distinguished from the surrounding background is 
its contrast.   
X-ray attenuation depends on the elemental composition and density of a material.  
Because water, oil and air attenuate X-rays to a similar degree, heavier elements 
must be dissolved in the liquid phases to increase phase contrast.  The appropriate 
heavy element is chosen according to its characteristic X-ray absorption edge.  The X-
ray absorption edge is the energy required to remove an electron from an inner shell 
of the atom.  The “k-edge” is the energy required to remove a k-shell electron.  The 
electron removal causes an abrupt change in X-ray absorption.  At an energy level 
just below the absorption edge an element is much less attenuating than at level just 
above its absorption edge. 
Cesium and iodine were chosen as dopants in this study because their attenuation 
increases are significant in the available energy range.  The k-edges for cesium and 
iodine are 36.0 and 33.2 keV, respectively, and are shown in Figure 2-6 (data from 
McMaster 1969). 15 
 
 
By angling a monochromator to adjust the X-ray beam energy level to 36.1 keV, 
water doped with cesium becomes much more highly attenuating than the other 
phases, and can be clearly distinguished in images.  Similarly, by scanning at 33.3 
keV, oil doped with iodine becomes the most highly attenuating phase.  Good phase 
contrast is essential for accurately distinguishing phases in the greyscale images so 
that they may be converted to binary images, a process called segmentation.  
Measurements are then taken from the segmented images. 
Both collimation and monochromatization reduce X-ray intensity.  Synchrotron-
based radiation has an extremely high photon flux available, so after both of these 
processes there is still sufficient photon flux for adequate counting statistics to be 
obtained.   
   
 
Figure 2-6:  Photoelectric k-edge plots for cesium and iodine 
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Chapter 3 - Literature Review 
Multiphase fluid transport in porous media has been investigated with theory, 
numerical models, and experiments.  Interfacial area per volume has been shown 
theoretically to be an essential parameter in describing the state of these systems 
(Hassanizadeh and Gray 1990; 1993). Capillary pressure-saturation (Pc-S) curves are 
commonly used to characterize the hydraulic properties of porous media.  These 
curves show that capillary pressure is not a unique function of saturation; capillary 
pressure depends not only on the saturation of the system, but also on the history of 
the system, that is, whether the porous medium is in the process of wetting or 
drying.  In order to resolve the ambiguity in the Pc-S relationship, it has been 
proposed that hysteresis in the Pc-S relationship should be seen as a projection of the 
Pc-S- anw surface onto the Pc-S plane, where anw is the nonwetting-wetting specific 
interfacial area (Hassanizadeh and Gray 1993).  Bradford and Leij (1997) estimated 
interfacial areas of porous media containing two or three fluids from measured Pc-S 
relations using a thermodynamic approach presented by Morrow (1970).  They found 
that in two-phase systems, if the solid surface is completely wetted, the area under 
the Pc-S curve is directly proportional to anw.  Held and Celia (2001) investigated the 
Pc-S- anw relationship numerically, and found that surfaces generated during drainage 
and imbibition lie on the same surface to within 1.5% under certain circumstances.  
Thus, the Pc-S- anw relationship may explicitly define the state of a multiphase fluid 
system. 
Advances in digital imaging techniques allow for direct experimental pore-scale 
measurement of fluid features such as interfacial area, fluid saturation, and 
morphology.  In particular, X-ray computed microtomography (CMT) has been used 
to generate high-resolution, three-dimensional images from which measurements 
can be taken.  The relationship between interfacial area and saturation has been 
explored in air-water-glass bead systems (Culligan, Wildenschild et al. 2004; 
Costanza-Robinson, Harrold et al. 2008) oil-water-glass bead systems (Culligan, 17 
 
Wildenschild et al. 2006; Narter and Brusseau 2010), and air-water-natural sandy 
media (Brusseau, Peng et al. 2006; Costanza-Robinson, Harrold et al. 2008).  CMT has 
been used to count and describe the morphology of residual oil blobs in an oil-water 
system (Al-Raoush and Willson 2005; Karpyn, Piri et al. 2010). CMT has also been 
used to determine fluid distribution and saturation in three-fluid systems and to 
compare fluid distribution and morphology in two- and three-phase systems 
(Schnaar and Brusseau 2006). 
Imaging techniques have been combined with Pc-S curve measurement to investigate 
the Pc-S- anw relationship for two-fluid systems.  Chen, Pyrak-Nolte et al. (2007) 
investigated the Pc-S- anw relationship in two dimensions with magnified 
micromodels. They found that for each sample, within the experimental and analysis 
error (10-15%), the difference between the drainage and the imbibition processes is 
small, that is, that each micromodel has its own unique Pc-S - anw surface.  Porter, 
Schaap et al. (2009) combined Lattice Boltzmann simulations and CMT data.  They 
found that the Pc-S - anw relationship does not exhibit hysteresis.  These studies have 
shown that, in the systems studied, adding anw to the Pc-S relationship resolves the 
drainage-imbibition hysteresis. 
Several studies have looked into extending relationships from two-phase to three-
phase systems.  Capillary pressure has been defined for three-phase systems 
(Kantzas, Nikakhtar et al. 1998) and three-phase systems have been described 
experimentally in terms of Pc-S curves (Lenhard 1992; Kantzas, Nikakhtar et al. 1998).  
The expansion of two-phase Pc-S curves to three-phase systems has been performed 
mathematically as well as experimentally (Busby, Lenhard et al. 1995; Bradford and 
Leij 1996).  To our knowledge, interfacial area data obtained from imaging has not 
been combined in with Pc-S measurement to give a complete picture of the Pc-S- anw 
relationship for three-fluid systems. 18 
 
In contrast to two-phase systems, in three phase systems three capillary pressures: 
Pc,aw, Pc,ow, and Pc,ao, must be defined, and anw may describe any of fluid-fluid specific 
interfacial areas: aaw, aow, and aao.  Fluid configuration in three-phase systems 
depends on whether the system is spreading or nonspreading, as defined by 
Equation 2-3.  In spreading systems the intermediate wetting phase tends to spread 
in layers between the wetting and nonwetting phases, behavior which dramatically 
affects the calculated interfacial areas (Bradford and Leij 1997).  For strongly wetting 
conditions, the role of spreading in three-phase flow is analogous to that of wetting 
in two-phase flow.  The presence of spreading layers, which have thickness of the 
order of microns, is contrasted with thin films which are only a few molecules thick.  
Such thin films may form in spreading as well as nonspreading systems.  Drainage 
through thin films would be far too slow to account for the recoveries seen 
experimentally (Blunt, Zhou et al. 1995).     
After water drainage has progressed to the point where all immobile air bubbles are 
separated from the water phase by a layer of oil, two capillary pressures exist in the 
system:  Pc,ow and Pc,ao, and two specific interfacial areas: aow and aao.   
Thermodynamic arguments predict that the Pc,ow-Sw- aow surfaces will be the same for 
two-phase and spreading three-phase systems (Bradford and Leij 1997). 
Van Dijke and Sorbie (2003) used a free energy balance to derive a general formula 
to calculate capillary entry pressures for all possible displacements in three-phase 
flow.  They found that there are differences between capillary entry pressures for 
two- and three-phase flow in pores of non-circular cross-section, but that this 
difference disappears if layers of the intermediate phase completely separate the 
wetting and nonwetting phases. 
Spreading has been studied extensively for its potential role in improving oil 
recovery.  For that reason, most experiments have been conducted according to 
common practice, by injecting air into porous media in order to drain oil and water.  19 
 
These studies have established a difference in the quantity and morphology of 
residual oil based on whether the system is spreading or nonspreading.  
Nonspreading liquids tend to be retained to a greater extent than spreading liquids.  
In spreading systems, very low residual oil saturations have been observed.  Final oil 
saturations as low as 0.1% have resulted from the displacement of oil in the presence 
of both water and gas (Zhou and Blunt 1997).  The low saturations are attributed to 
the fact that the oil layers provide hydraulic continuity for the oil phase, so that it is 
still mobile at low saturations (Oren and Pinczewski 1995; Keller, Blunt et al. 1997; 
Zhou and Blunt 1997; Kawanishi 1998).  It is understood that as long as the oil layers 
are continuous in a spreading system, the oil is not trapped.  On the other hand, in 
fractionally-wet systems the formations of a continuous intermediate phase is 
hindered, because oil and water may act as the intermediate fluids near water-wet 
and oil-wet surfaces, respectively (Bradford and Leij 1996). 
Pore-network models have been developed which incorporate the effect of 
spreading oil layers, quantified by the spreading coefficient, on fluid transport (Oren 
and Pinczewski 1995; Mani and Mohanty 1997; Fenwick and Blunt 1998; Piri and 
Blunt 2005).  They demonstrate that the ability of oil to reside between water and 
gas has important implications for the recovery of oil in porous media.  Commonly 
used constitutive models rely on the assumption that in the presence of water and 
air, oil fully drains as gas is injected due to their spreading behavior. Hence, after a 
long period, no oil remains in the pores (Wipfler and van der Zee 2001).  In contrast, 
in nonspreading systems (with a negative equilibrium spreading coefficient) residual 
oil saturations are higher, and not simply because the oil is entrapped as isolated 
ganglia.  Although the oil may indeed form layers between water and gas in a 
nonspreading system, several studies focusing specifically on nonspreading systems 
have shown that even continuous oil is retained in the vadose zone after oil drainage 
has ceased (Hofstee, Oostrom et al. 1998; Wipfler and van der Zee 2001; Oostrom, 
Hofstee et al. 2003; Oostrom and Lenhard 2003; Lenhard, Oostrom et al. 2004).  20 
 
In contrast to most studies, in which air is the displacing phase, Al Mansoori (2009) 
studied oil trapping during water flooding in three-phase systems.  In three-phase 
flow, during gravity drainage, oil layers form between gas in the centers of the pore 
body and water in the corners.  It has been observed that during gas injection, these 
layers provide hydraulic continuity of the oil phase so that very low oil saturations 
can be reached.  In the waterflooding study, oil layers also thin during water 
imbibition as the water pressure increases (capillary pressure decreases).  However, 
they found that oil layers may collapse, allowing direct contact of gas by water, when 
the water has sufficient pressure to contact the gas.  The collapse of oil layers allows 
the oil to be trapped in these pores and throats.   
Based on the existing body of research, the following questions stand out:  Do three-
phase Pc,ow-Sw- aow drainage and imbibition data fall on a unique surface?  How much 
residual oil remains at the end of water imbibition in a spreading system?  Do the 
spreading layers allow the oil to be conducted out to very low residual saturations? 
   21 
 
Chapter 4 - Methods 
Materials 
A mixture of three size classes of soda-lime glass beads (35% 650 µm, 35% 800 µm, 
30% 1.0-1.4 mm diameter spheres, Mo Sci) was sintered for 15 minutes at 760°C 
inside a 5.6-mm diameter borosilicate glass column using a graphite crucible.  
Sintering the beads ensures that they will not move over the course of the flow 
experiments.  A stationary solid phase is useful during image processing, when the 
solid phase is subtracted from each fluid-saturated image.  For most of the 
experimental runs, water is the most wetting phase, and air the least wetting, giving 
oil an intermediate wetting status between the two.  Interfacial tensions for fluid 
pairs were measured with a ring tensiometer and are given in Table 4-1. 
 
The oil used in these experiments is Soltrol 220, a mineral oil which, with a density of 
0.79 g/cm
3, is less dense than water.  According to Equation 2-3, the spreading 
coefficient in this system is positive, and therefore oil will spread over a water 
surface. 
As stated previously, the system was designed to be a water-wetting one.  The glass 
beads were initially assumed to be strongly water wetting, because the negative 
surface charge of silica attracts polar water molecules.  The same column was used 
repeatedly for several experiments so that the results from different runs could be 
easily compared.  Although the column was thoroughly flushed with ethanol 
Table 4-1:  Interfacial tensions for fluid pairs 
Fluid pair  IFT (dynes/cm) 
Air/Water-cesium  71 
Soltrol-iodine/Water-cesium  37 
Air/Soltrol-iodine  25 22 
 
between experiments, either the Soltrol or one of the chemical dopants accumulated 
on the bead surfaces over time and gradually the system changed to an oil-wet 
condition.  The June 2012 scans revealed that water was no longer wetting the glass; 
in the high resolution scans there is clearly a film of oil coating the beads.  The 
wettability of the porous medium is fundamental to the definition of capillary 
pressure.  Therefore, interpretation of the data will have to account for the changing 
wetting properties of the system over time.  
Experimental Procedure 
Pc-S:  OSU laboratory 
Air-water (two-phase) Pc-S curves were measured in the laboratory at OSU to 
characterize the porous media used during the experiments conducted at the 
Advanced Photon Source (APS).  Porous Columns 1 and 2 (PC1 and PC2) were 
prepared with the same bead composition and sintering process, as described above.  
A Harvard PHD2000 pump was used to control water volume.  Pressure was 
measured with two differential pressure transducers (Validyne P55D).  Following the 
two-phase experiment, oil was connected to the flow column and air-oil-water 
(three-phase) curves were also measured for comparison.   23 
 
 
 
Figure 4-1:  2-phase and 3-phase Pc-S curves for PC1 
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As shown in Figure 4-1 for PC1 and Figure 4-2 for PC2, the slopes of the curves are 
not very steep, indicating that the pore size distribution is relatively homogeneous.  
In both cases, the oil entry pressure is approximately half that of the air entry 
pressure.  The nonwetting fluid entry pressure depends on the interfacial tension 
between fluids.  According to Busby et al. (1995), the Pc-S curve for any two-phase 
fluid system may be scaled to a reference fluid system using the ratio of fluid-fluid 
interfacial tensions.  Therefore, because the interfacial tension between air and 
water (72 dynes/cm) is approximately twice that between Soltrol and water (37 
dynes/cm), the entry pressures scale as expected.  The irreducible water saturation is 
greater, (i.e. not as much water drains) from the three-phase system compared to 
the two-phase system.  
 
Figure 4-2:  2-phase and 3-phase Pc-S curves for PC2 
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Pc-S- anw:  APS 
Pc-S curve 
Static three-phase Pc-S curves were collected at the GeoSoilEnviro Consortium for 
Advanced Radiation Sources (GSECARS) Beamline 13-BM-D at the Advanced Photon 
Source (APS) at Argonne National Laboratory.  Three experimental sessions were 
conducted:  October 2011, March 2012, and June 2012. 
As in the experiments conducted at OSU, a water line connected a syringe pump to 
the bottom of the flow column, with a hydrophilic semi-permeable membrane (GE 
Nylon, 1.2 μm pores) separating the bead pack from the water supply.   Throughout 
the drainage and imbibition cycles, pressure was measured outside of the system 
with two differential pressure transducers:  one connected to the oil and water 
phases, and the other connected to water on one side and open to the atmosphere 
on the other.   
A “dry scan” of the column was performed before pumping began, when only solid 
and air phases were present.  The scanning specifications will be described in further 
detail in the following section.  Water doped with cesium was pumped into the 
column at 0.5 ml/h, trapping small air bubbles throughout the pore space, until the 
bead pack was apparently saturated with water.  “Apparent saturation” describes a 
state in which water reaches the top of the bead pack, but allows for the presence of 
entrapped air occluded by the continuous water phase (Lenhard 1992).  Three pore 
volumes of water were flushed through the column at 0.5 ml/h to ensure that the 
gas phase would remain immobile throughout the experimental run.   
For the June 2012 experiments, a hydrophobic semi-permeable membrane (Pall 
Corporation PTFE 0.45 μm) was next placed on top of the water-saturated bead back.  
In contrast, the October and March experiments were run without the hydrophobic 
membrane at the top.  This membrane was pre-saturated with oil, so that it would 
allow passage of oil but not water or air.  During the October and March runs, there 26 
 
was still a large amount of oil remaining in the column at the end of water 
imbibition, so the hydrophobic membrane was added to the June experimental setup 
to try to achieve lower residual oil saturations at that point.  For all experimental 
runs, a reservoir containing iodine-doped oil was connected to the top of the 
column, such that oil was continuous from reservoir to the top of the bead pack.  The 
height of oil in the reservoir was kept level with the upper bead boundary 
throughout the experiment, and the oil reservoir was open to the atmosphere.  Thus, 
the water-oil interface was at equilibrium at the top of the bead pack at a capillary 
pressure of zero.  This was the first point of the 3-phase main drainage curve; the 
column was scanned. 
From this first point, the drainage curve was carried out by draining incremental 
volumes of water, approximately 1/10 of the total pore volume at a time, pulling oil 
in at the top of the porous medium.  After a pre-determined equilibration period of 
20-35 minutes, the column was scanned.  This process was repeated until the system 
reached the irreducible water saturation.  This is the water content at which water 
conductance approaches zero (Lenhard 1992).  The water phase is no longer mobile 
and the measured capillary pressure increases sharply due to suction on the 
hydrophilic semi-permeable membrane at the bottom of the porous medium. 
From this minimal water saturation, the pump was reversed and the imbibition curve 
began.  Water was incrementally imbibed into the column, pushing mobile oil out 
through the top of the column.  At each increment, flow was halted for equilibration 
and scanning.  During 3-phase imbibition, the initial trapped air volume remained 
trapped, and a portion of the oil phase became trapped.  Imbibition continued until 
the pressure approached 0, indicating that water had reached the top of the porous 
medium.   After the column was apparently saturated with water, the pump was 
again reversed and the column was drained to an intermediate state of saturation.  
Scanning imbibition and drainage curves were measured at points within the mid-27 
 
range of water saturation.  Water saturation was tracked from cumulative pumped 
water volume, and verified later through image analysis. 
Microtomography 
X-ray Computed Microtomography was used to investigate distributions of the 3 
fluid phases at different water saturations along the drainage, imbibition and 
scanning curves. 
Phase contrast was enhanced by dissolving heavier element dopants, cesium and 
iodine, in the water and oil, respectively, and scanning at their peak absorption 
energies.  As shown in Figure 2-6, these elements are much more highly attenuating 
above their k-edge than below it.  The X-ray beam can be tuned to this specific 
energy to take advantage of this behavior, so that the targeted phase appears 
relatively bright. 
With each trip to the APS, different measures were taken to try to optimize the 
combination of phase contrast and data collection efficiency.  Each scan takes 
approximately 7 minutes.  In order to collect as many data points as possible, in 
October 2011 and March 2012 only one scan per point was performed.  Between 
October and March, the dopant concentrations were adjusted to try to improve 
phase contrast between oil and water.  For the June experiments, the original dopant 
concentrations were used, and rather three scans per point were performed at 
different energies to enhance contrast.  The dopant concentrations and scanning 
energies for each run are summarized in Table 4-2.  28 
 
 
At each static data point on the Pc-S curve, a single 5-mm high section of the porous 
column, approximately one-fifth of the total column height, was scanned at 720 
angles over a 180-degree column rotation.  Image resolution was between 10 and 11 
μm/voxel for all runs.  The October and March scans were conducted at 36.1 keV, 0.1 
keV above the x-ray absorption edge of cesium.   The June scans were conducted 
above the cesium edge (36.1 keV), and above the iodine edge (33.3 keV), and below 
the iodine edge (33.0 keV).   
Beamline 13-BM-D has a charge-coupled device (CCD) detector, which provides an 
areal arrangement of diodes, measures attenuated light intensity.  The CCD detector 
has diodes arranged in a planar grid, thereby allowing for simultaneous attenuation 
measurements of the 2D X-ray projection across the xy-plane.  The transmitted X-
rays are converted to visible light with a scintillator, and projected onto a mirror 
inclined at a 45° angle to the incoming beam.  A snapshot of the image on the mirror 
is then taken with a high-speed 12-bit CCD camera attached to a 5x microscope 
objective.   
Raw scan data were reconstructed using filtered back-projection using algorithms 
developed at GSECARS in the programming language IDL (Research Systems Inc.).   
Table 4-2:  Dopant concentrations and scanning energies for each experimental session 
  October 2011  March 2012  June 2012 
Cesium concentration 
(g CsCl:g H2O) 
1:6  1:3  1:6 
Cesium concentration (g 
Cs/ml H2O) 
0.13  0.26  0.13 
Iodine concentration 
(ml iodoheptane:ml Soltrol) 
1:9  1:12  1:9 
Iodine concentration 
(g I/ml Soltrol) 
0.086  0.11  0.086 
Scanning energy (keV)  36.1  36.1  33.0, 33.3, 
36.1 29 
 
Data Analysis 
Image Processing 
For each data point, the 720 two-dimensional radiographs were preprocessed and 
reconstructed with algorithms developed at GSECARS (Rivers, 2003) to construct a 
single three-dimensional image array.  That is, one volume represents one scan.  The 
reconstruction process reverses the relationship between grayscale and x-ray 
absorption such that locations of high attenuation appear brighter.  For example, in 
the grayscale images taken above the cesium edge, the water phase appeared white, 
the oil and bead phases appeared light grey, and the air phase appeared dark gray; in 
the grayscale images taken above the iodine edge, oil appeared white, water and 
beads light gray, and air dark gray, as shown in Figure 4-3.   
The reconstructed volumes were loaded into Avizo® Fire for processing.  First, noise 
was reduced in each image with a median filter, which is a smoothing filter that 
replaces the intensity value of each voxel with the median of the intensity values of 
the voxels in a 3x3x3 cube surrounding that voxel.  Second, all of the wetted images 
were registered to the dry bead image, to ensure that the sample was aligned across 
all of the images.  
Third, the phases in each image were segmented using the watershed algorithm in 
Avizo® Fire, a technique from the field of morphological image processing (Beucher 
1979).  The watershed algorithm locates the local maxima of grayscale gradient, 
which occurs at phase boundaries.  These regions of maxima are specified as 
transition zones.  Because there may be ambiguity within the transition zones as 
which voxels belong to which fluid phase, these zones are not included in the initial 
thresholding process.  With the transition zones masked, the areas unambiguously 
known to be occupied by each phase are selected.  These “known” phase regions are 
input into the watershed algorithm, in which they are expanded into the transition 
zones.    Because the transition zones occur at the steepest gradients, the process 30 
 
resembles basins of water that are gradually flooded until they reach a certain 
grayscale “height” on a hill slope.  The result of the watershed process is an image in 
which each separate phase is identified by a single value, rather than a range of 
grayscale values, as shown in Figure 4-8.   
With this segmented image, a three-dimensional surface was generated for each 
phase using a marching cubes algorithm (Lorensen 1987).  The volume enclosed by 
each surface and the contact area between surfaces was quantified.  These 
measurements were used to calculate the saturation of each phase and the 
interfacial area per volume of each fluid-fluid pair, respectively. 
Because the June data set had three volumes per point, and the October and March 
data sets had only one volume per point, the segmentation process was carried out 
differently according to the data available. 
June 2012 
In June each point was scanned at three energies to take advantage not only of the 
high attenuation of cesium above its k-edge, but also of its relatively low attenuation 
just below its k-edge (Figure 2-6, Figure 4-3).  By scanning at both energies, the 
below-images can be subtracted from the above-images, leaving the water phase 
clearly distinguished from the other phases, as shown in Figure 4-4.  Oil doped with 
iodine can be distinguished in a similar manner, as shown in Figure 4-5.  Air had a low 
enough attenuation to be identified directly from the above-cesium image, and 
beads were identified from the dry image (Figure 4-6 and Figure 4-7).  The reader will 
notice from the images that, as mentioned previously, during the June scans the solid 
surfaces were oil-wet. 31 
 
 
 
 
     
Figure 4-3 :  Grayscale images collected (from left to right) above the cesium k-edge, above the 
iodine k-edge, and below the iodine k-edge. 
 
 
 
Figure 4-4:  Result of above-Cs image minus above-I image (left) and the water phase 
thresholded from it (right) 
 
 
 
Figure 4-5:  Result of above-I image minus below-I image (left) and oil phase thresholded 
from it (right) 32 
 
 
Each phase was then multiplied by a different integer (1-4) and added together, still 
excluding the transition regions.  The “catchbasin” module in Avizo® Fire was used to 
grow the regions together into the transition regions, and the final image was edited 
so that only the column interior remained for analysis, which is shown in Figure 4-8. 
 
 
 
 
Figure 4-6:  Original above-Cs image (left) and air phase thresholded from it (right) 
 
 
 
Figure 4-7:  Dry bead image (left) and solid phase thresholded from it (right) 
     
Figure 4-8:  Four phases added together (left), the phases "flooded" into the transition regions 
(middle), and the final edited image 33 
 
March 2012 and October 2011 
During the October and March experiments, images were conducted at a single 
energy.  Conducting one scan per point rather than three scans per point is desirable 
because it requires a third of the scanning time, meaning that a greater number of 
data points could be collected.  During data processing, water and oil were identified 
in each image by first subtracting the dry image (Figure 4-9): 
 
Then, the water and oil were identified from the result, as shown in Figure 4-10. 
 
As can be seen in the right-hand image of Figure 4-10, identifying oil from the result 
also incorrectly includes the gradient between beads and water.  The reason for this 
misidentification of voxels is clarified by considering the histogram of voxel 
intensities in Figure 4-11.  The solid line, which is the histogram from the original 
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Figure 4-9:  Subtraction of dry from wetted image to help isolate the fluids in the image 
   
Figure 4-10:  water (left) and oil (right) thresholded from result of image subtraction in Figure 4-9. 34 
 
wetted image, shows a peak at 6000 representing water and a peak at less than 0 
representing air.  The two peaks between 0 and 2000 represent a lumped value 
including both oil and glass.  Two types of glass are identified with peaks:  beads 
(soda lime glass) and the exterior column (borosilicate glass).  Then, the dry image 
was subtracted from the wetted image.  The histogram of the result of this 
subtraction is shown in Figure 4-11 as the dotted line.  It shows that the oil intensity 
values fall on the “right shoulder” of the lumped oil-glass peak.  That is, oil intensities 
are between water and solid intensities.  As a result, many of the water-bead 
interfaces were misidentified as belonging with the oil phase.  To correct for this 
phase misidentification, an extra step was added to image processing that removed 
all voxels that were assigned to more than one phase.  The targeted voxels for this 
case were those double-assigned to both solid and oil. 
 
 
Figure 4-11:  Comparison of histogram before and after beads are subtracted.  The sharp peaks with 
intensity between 0 and 2000 apparently belong to the solid phase (beads and solid column). 
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The remaining two phases, beads and air, were identified in the same manner as for 
the June data processing.  The subsequent phase addition and watershed process 
were also carried out in the manner outlined above.   
Creating the aow-Pc-Sw surface 
From the segmented images, fluid volume and area could be measured using tools in 
Avizo® Fire.  Saturation and interfacial area per volume were calculated from these 
measurements.  Previous researchers (Porter, Wildenschild et al. 2010) used the 
following arithmetic equation to isolate fluid-fluid interfacial area from individual 
fluid surface measurements: 
 
However, recent versions of Avizo® Fire allow direct interfacial measurements, 
obviating the need for further calculation. 
The S and aow data were combined with the transducer pressure measurements to 
yield a complete data set.  Next, using MATLAB, a surface was fit to the Pc,ow-Sw-aow 
data points.  Because the data are irregularly spaced, several steps were required to 
fit create the surface.  First, the “meshgrid” algorithm generated a rectangular grid in 
2D space.  Then, the “griddata” algorithm queried values at the grid nodes, 
interpolating values for those points from the scattered data.  Next, “polyfitn”, a 
function offered as part of the MATLAB library (John D’Errico, release date 2/19/06), 
fit a general polynomial regression model in three dimensions.  Finally, the function 
“polyvaln” evaluated the polynomial model as a function of its variables, i.e. the 
model for aow as a function of Pc,ow and Sw. 
       
 
 
             )  Equation 4-1 36 
 
Identifying Cause of Wettability Change 
The solid surface properties of the bead pack changed over time.  A test was carried 
out to determine whether this change was due to contact with oil, with contact with 
the chemical dopant, or as a result of exposing the oil and/or dopant to X-rays.  Five 
slides were treated as summarized in Table 4-3: 
 
All slides were washed with ethanol followed by DI water prior to contact angle 
measurement.  The test was carried out such that the experimenter did not know 
how each slide had been treated when taking measurements.  A FTA 135 (First Ten 
Angstroms) machine was used to gently distribute an 8-μl drop of DI water onto the 
slide with a stationary pipette.  Five replicate drops were administered per slide.  
FTA32 Video software was used to take snapshots of the drops and measure the air-
water contact angle. 
   
Table 4-3:  Wettability alteration study 
Soda-Lime Glass Slide  Treatment 
Control  No treatment 
Soltrol soak  Submersion in Soltrol for 96 hours 
Soltrol + Iodoheptane 
soak 
Submersion in 9:1 Soltrol: iodoheptane solution 
for 96 hours 
Soltrol soak + X-ray 
exposure 
Submersion in Soltrol for 96 hours, plus 2 hours 
of X-ray exposure at 100 kV and 78 ms 
Soltrol + Iodoheptane 
soak + X-ray exposure 
Submersion in 9:1 Soltrol: iodoheptane solution 
for 96 hours, plus 2 hours of X-ray exposure at 
100 kV and 78 ms 37 
 
Chapter 5 – Results 
Determining sample porosity 
The total lengths of PC1 and PC2 were scanned using the industrial scanner in the 
Mechanical, Industrial and Manufacturing Engineering (MIME) department at 
Oregon State University.  The column was scanned at 1440 angles over 360 degrees 
of rotation.  The image resolution was 18 microns per voxel.   
PC1 is 24 mm long, with a total pore volume of 0.18 cm
3 and porosity of 0.35.  To 
verify that particle and pore size distribution were evenly distributed throughout the 
column, it was divided into 10 vertical subsections, each 2.4 mm high.  Subsection 
porosity measurements range from 0.32-0.35, indicating that pore space is evenly 
distributed within the column.    
PC2 was 28 mm long, with a total pore volume of 0.26 cm
3 and overall porosity of 
0.38.  It was also analyzed in subsections, each 2.1 mm high.  Subsection porosities 
covered a greater range than in PC2, from 0.32-0.49.  Inspection of the scanned 
volume shows that there are more small beads at the bottom of the column than in 
the middle, resulting in this porosity variation.  Porosities of both columns are 
compared in Figure 5-1.  38 
 
 
Pc-Sw-aow Surface 
Data from three experimental runs conducted in October 2011 and March 2012 were 
combined, and surfaces were fit to the Pc,ow-Sw-aow points using a bi-quadratic 
equation of the following form: 
 
where A, B, C, D, E and F are best-fit parameters.  A total of three surfaces were 
generated:  one surface for all main branch and scanning drainage points (Drainage 
Surface), one for all main branch and scanning imbibition points (Imbibition Surface), 
and one surface for all of the data together (Unique Surface).  For all three surfaces 
the correlation coefficient was 0.97, indicating that Equation 5-1 adequately 
represents the data.  The values of the best-fit parameters for each surface using a 
least-squares algorithm are shown in Table 5-1. 
 
Figure 5-1:  Porosity versus height in the column.  The top of the column is at 0 cm. 
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First, the hysteresis between the Drainage and Imbibition Surfaces was estimated by 
calculating the root mean squared error (RMSE) and mean absolute error (MAE) 
between them.  The RMSE is 0.0071 mm
-1, indicating that the difference between the 
two surfaces is negligible.  To confirm that the Unique Surface matches both the 
Drainage and Imbibition Surfaces, the error between each pair was quantified as 
well.  As shown in Table 5-2, these pairs are statistically the same.  Thus, this analysis 
suggests that the experimental Pc,ow-Sw-aow data is single valued and hysteresis does 
not exist between drainage and imbibition.  The Unique Surface is plotted with the 
experimental data points and shown from two viewpoints in Figure 5-2.  
Table 5-1:  Best-fit coefficients for surface-fit polynomial 
   A  B  C  D  E  F 
Drainage Surface  0.0261  -0.5799  0  0  0  0.6001 
Imbibition Surface  -0.5107  0.1924  -0.0003  0.0002  0  0.3474 
Unique Surface  -0.1872  -0.2704  -0.0001  0.0001  0  0.5056 40 
 
 
   
Figure 5-2:  Pc,ow-Sw-aow Unique Surface, shown from two viewpoints 
Table 5-2:  Root-mean-square error (RMSE) and mean absolute error (MAE) for Pow-Sw-aow surface pairs.  Units are in mm
-1. 
   RMSE  MAE 
Drainage Surface/Imbibition Surface  0.0071  0.0052 
Unique Surface/Drainage Surface  0.0065  0.0049 
Unique Surface/Imbibition Surface  0.0052  0.0045 41 
 
Changes in wettability 
In the original experimental design, it was assumed that the glass bead surfaces were 
and would remain strongly water wet.  However, their wettability changed over 
time.  From being initially strongly water wet, they increasingly displayed more oil-
wet characteristics.  The three data sets to which a surface was fit in the previous 
section were performed in October 2011 and March 2012.  A fourth set of 
experiments was also performed in June 2012.  In the June 2012 experimental runs, 
it was clear from observing the images that the glass beads had been modified to the 
point that they were preferentially oil wet.  As water drained from the oil-wet 
column, oil spread not only between the water and air, but also between the water 
and solid.   The glass bead pack was cleaned sequentially with ethanol followed by DI 
water between experimental runs, but judging from the large amount of gas trapped 
during primary imbibition of water in the June 2012 experiment, the surface 
modification was not reversed during cleaning.  The surfaces appeared to repel 
water. 
The results of the surface wettability alteration test are shown in Table 5-3.  Air-
water contact angle measurement quantifies the surface wettability change.  The 
combination of contact with organic liquid plus X-ray exposure significantly increased 
the air-water contact angle.  This was true for treatment with Soltrol 220 alone, as 
well as for treatment with a solution of Soltrol and iodoheptane.  The increase in 
contact angle was approximately 39% for the former and 55% for the latter.  The 
changes for organic liquid contact without X-ray exposure are not significant, due to 
the standard deviation in measurements.  42 
 
 
Spreading oil layers have already been identified as an important distinguishing 
feature between two- and three-phase systems.  Their role in increasing the surface 
area to volume ratio of oil, and therefore its potential for mass transfer, has been 
noted by previous experimenters (Schnaar and Brusseau 2006).   Another important 
consequence of the presence of spreading layers, observed in these experiments, is 
their apparent role in changing surface wettability.   
Observation of the images produced in this study confirms the theoretical pore-level 
scenario outlined by Blunt et al. (2002) for wettability alteration.  According to the 
scenario proposed in that manuscript, as oil invades the pore space, it changes the 
solid wettability in the regions where there is direct contact.  Buckley et al (1998) 
observed that prolonged contact between oil and solid surface allows surface-active 
components of the oil to adhere to the solid surface, changing its wettability.  
According to that study, wettability alteration typically takes 40 days in a laboratory 
setting to complete, 10 times longer than the test conducted here.  Based on our 
results, exposure to X-rays expedites the alteration.  In our three-phase system, gas 
is initially trapped in the pore space, and as oil enters it spreads between the air and 
water.  Blunt et al. make a distinction between water layers (with a thickness on the 
order of microns) and water films (with a thickness on the order of nanometers).  
Water layers may prevent direct contact between oil and solid, but in smooth porous 
Table 5-3:  Contact angle alteration for four glass slide treatments 
Glass Slide Sample 
Treatment 
Average Air-Water 
Contact Angle 
Standard 
Deviation 
% Change 
from Control 
Control  28.12  3.21  -- 
Soltrol Soak  33.44  4.35  18.9 
Soltrol + Iodoheptane 
Soak  33.32  3.12  18.5 
Soltrol Soak + X-rays  39.15  4.22  39.2 
Soltrol + Iodoheptane 
Soak + X-rays  43.47  4.38  54.6 43 
 
media where there is no surface roughness to hold a layer of water between the 
solid and air, oil contact may be considered “direct” with the solid as it invades the 
pore space.  From that point on, the surface will remain oil-wet.  As a result of this 
possibility for direct contact between oil and solid, three-phase systems may be 
more susceptible to surface wettability changes during oil imbibition than two-phase 
(oil-water) systems in smooth porous media.  This susceptibility is even greater for 
porous solids which are not initially strongly water-wet.  In other words, at what are 
initially contact lines between water, solid, and air, spreading oil has direct access to 
the solid, and once solid and oil are in contact, the surface wettability is altered. 
Blunt et al (2002) also predict the configuration of the oil layers in a system in which 
the solid surfaces become modified from water- to oil-wet.  Observation of the 
images matches this prediction:  when oil wets the solid, the spreading layers flare at 
the oil-solid contact points, so that oil is on the concave side of the interface with not 
only air, but also with water.  This behavior is shown in Figure 5-3.  
 
Figure 5-3:  Flared oil layer, indicating that surface wettability is altered in locations where oil comes 
in contact with solid surface. 
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Surface wettability has important implications for fluid transport.  One consequence 
observed in the experiments is that flow of water became restricted.  A great enough 
extent of the solid was modified to be oil-wet during water drainage that water in 
the pore space lost connectivity with the water line.  Once the phase continuity is 
broken, water in the line can no longer pull on water in the pore space, and water 
will stop draining.  The capillary pressure increases due to suction on the hydrophilic 
membrane, but does not represent the state of the pore water.  The irreducible 
water saturation appeared to have been reached when the water saturation in the 
column was still very high.  For this reason, the data do not cover as great a range of 
water saturations between 0 and 1 as previous experiments conducted in two-phase 
systems did (Culligan, Wildenschild et al. 2004; Culligan, Wildenschild et al. 2006; 
Porter, Wildenschild et al. 2010), but rather only above a water saturation of 0.5.   
A second consequence of variable surface wettability is that the spreading oil layers 
may lose their connectivity with the oil reservoir.  This is an important contrast with 
strongly water-wet systems, in which the very low residual oil saturations which have 
been observed are attributed to connectivity of oil layers (Oren and Pinczewski 1995; 
Keller, Blunt et al. 1997; Zhou and Blunt 1997; Kawanishi 1998).  At the end of water 
imbibition in the October and March experiments, a significant amount of oil (So > 
0.10) remained in the pore space.  The oil layers thinned as the water saturation 
increased, but they did so unevenly.  As shown in Figure 5-4, the thinning occurred in 
the fluid-occupied pore region, such that water and air appear to come back into 
contact.  Thinning did not occur at the oil-solid contact points, where the solid had 
become oil-wet.  Observation of the images shows that layers were similarly pinched 
off throughout the pore space.  Therefore, in systems with changing wettability, oil 
may not be reduced to very low residual saturations during water imbibition.  In 
summary, through different mechanisms, the flow of both water and oil became 
restricted as surface wettability changed. 45 
 
 
The flow restriction is also reflected in the Pc,ow-Sw curve, shown for the March 2012 
data set in Figure 5-5.   
 
   
Figure 5-4:  Dark-blue oil layer at the beginning (left) and end (right) of the main water 
imbibition.  The oil layer thins as water saturation increases, but oil remains at the solid surface 
because contact with oil modified the surface to be oil-wet. 
 
Figure 5-5:  March 2012 Pc,ow-Sw curves.  With repeated drainage-imbibition cycles, water flow 
becomes increasingly restricted. 
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As the experiments progress, the operable saturation range decreases; the curves 
spiral inward.  It appears that the system is “painting itself into a corner.” 
Interfacial curvatures as an indicator of surface wettability 
As mentioned in the previous section, it is clear from inspection of the June data that 
the glass bead surfaces were completely oil wet.  In contrast, the wettability of the 
glass bead surfaces in October and March is not as obvious.  Although they appear to 
have still been water wet, it is likely that the water-solid contact angle was not zero. 
Because the wettability probably changed gradually over time, we used curvature 
analysis to verify that the wettability of the first 3 data sets was similar.  Contact 
angles are the most direct measure of wettability, but are difficult to determine in 3 
dimensions.  Instead, interfacial curvatures may be useful as an indicator of 
wettability.  The Avizo® Fire “Get Curvature” algorithm was employed for this 
analysis.  This algorithm approximates the triangulated surface locally by a quadratic 
form.  The principal curvatures (eigenvalues and eigenvectors) are estimated for 
each triangle of the surface.  Mean Curvature is computed as the mean value of the 
two principal curvature values.  Mean curvature will be negative in strictly concave 
regions and positive in strictly convex regions  (Armstrong, Porter et al. 2012).  In a 
water-wet system, the interfaces would curve in the opposite direction as those in an 
oil-wet system. 
As shown in Figure 5-6, the interfacial curvature frequency distributions during water 
drainage do indeed appear different in October and March versus in June.  Avizo 
assigned positive values to the histogram peaks from October and March, and 
negative values to those from June.  This indicates that on average, interfaces faced 
one way in the former case and the opposite way in the latter case.  Furthermore, 
the histogram tails, which describe the small features such as pendular rings of 
wetting fluid that remain around contact points between grains, also extend in 
opposite directions.  This analysis offers some justification for classifying the October 47 
 
and March experiments as water wet, and in distinguishing them from the strongly 
oil-wet June experiments. 
 
 
Figure 5-6:  Oil-water interfacial curvature histograms from water-wet systems (Oct, Mar) contrasted 
with those from an oil-wet system (June). 
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In further investigation, imbibition interfacial curvatures were compared to drainage 
interfacial curvatures for the March experiments.  As shown in Figure 5-7, it appears 
that the interfaces change direction during water imbibition.  This is a result of water 
displacing oil in the “middle” of the interface, but not at the edges where the oil-
water interface contacts the solid, confirming the behavior observed in Figure 5-4.  
Another example of this behavior is given in Figure 5-8.  Note that for the dark blue 
spreading oil layer in Figure 5-8, both the upper right-hand and lower left-hand 
interfacial curvatures appear to change direction.  
 
 
Figure 5-7:  Oil-water interfacial curvature histograms for drainage versus imbibition during March 
experiments 
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Figure 5-8:  Oil-water interface changing direction as oil layer thins 
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Oil-wet surface 
The solid wettability will strongly influence the capillary pressure at which oil enters 
water-occupied pores, as well as the configurations of the fluid interfaces.  For those 
reasons, surfaces describing the Pc,ow-Sw-aow relationship would be expected to be 
different for oil-wet versus for water-wet systems (Gray, W.G., 2012, personal 
correspondence).  In order to compare the oil-wet June data set with the earlier 
water-wet ones, a surface was fit to the June data as well.  As can be seen in Figure 
5-9, the oil-wet data fall surface that is different from the water-wet data.  The RMSE 
between the surfaces is 0.12 mm
-1, sixteen times greater than that between the 
water-wet drainage and imbibition surfaces.  Thus, the difference between oil-wet 
and water-wet data sets is much greater than the difference between drainage and 
imbibition for the same wettability. 51 
 
 
   
Figure 5-9:  Oil-wet Pc,ow-Sw-aow surface compared to water-wet surface, shown from two viewpoints 52 
 
 
Figure 5-9 shows that the Pc,ow-Sw-aow surface gradient depends on surface 
wettability.  For a given set of Pc-Sw coordinates, aow in an oil-wet system is less than 
in a water-wet system. 
Two methods of scanning and corresponding data processing 
In order to quantify error in the measurements taken from the CMT images, the 
results of image analysis for both 1-energy and 3-energy data processing methods 
were compared to each other, as well as to results of 3-energy scanning at high 
resolution (5.5 μm/voxel).  This is the highest resolution currently attainable at the 
APS for our flow cell diameter.  Thus, values measured from images generated at this 
resolution are may be considered as close to the “true” values as possible.  The 
crystal resolution of the scintillator used to convert X-rays to visible light is the 
limiting factor with respect to image spatial resolution, and has an absolute 
resolution limit of approximately 1 μm, which would be attainable for a flow cell 
diameter of 1 mm.   
High-resolution scanning requires an increase in angles at which the column is 
scanned, accompanied by an increase in exposure time per angle, amounting to a 
significant time investment for data collection:  approximately 20 minutes compared 
to 7 minutes per data point.  In addition, the resulting volumes are eight times as 
large as those generated at standard resolution, meaning that far more time and 
computing memory are required to handle the data.  Therefore, if acceptable error 
results from scanning at standard resolution, it is preferable to do so.  53 
 
 
As shown in Table 5-4, for fluid saturations both standard-resolution methods 
produced results within 10% of high-resolution measurements.  Although according 
to these values it appears that the 1-energy method produces a better estimate of 
water volume, inspection of the images reveals that the 3-energy method captures 
the phase distributions more accurately.   
Comparing the two standard-resolution methods to each other, the 1-energy scans 
are within 5% of the 3-energy scans.  Therefore, if this difference is within allowable 
error, the 1-energy method may be an efficient alternative to 3-energy scanning.  
Table 5-4:  Comparison of Fluid Saturations measured from high-resolution (5.5 um/voxel) scans 
compared to those measured from standard resolution (11 um/voxel) scans.  Two types of 
standard resolution scanning, 1-energy or 3-energy, are also compared. 
     
Intermediate 
Saturation 
Wetting 
Saturation 
Nonwetting 
Saturation 
      (--)  (--)  (--) 
   hi-res  0.21  0.66  0.13 
   1-energy  0.22  0.65  0.13 
   3-energy  0.23  0.64  0.13 
% 
difference 
hi-res to 3-energy  8.75  -2.87  0.28 
hi-res to 1-energy  5.07  -1.98  1.78 
3-energy to 1-energy  -3.38  0.91  1.50 54 
 
 
Error was considerably higher for interfacial area per volume than for saturation.  
From inspection of the images, the primary difference between the high- and 
standard-resolution images is that the high-resolution ones show a wetting fluid 
layer on the beads while the standard-resolution ones do not.  Transition between 
bead and fluid is also sharper.  In many cases, what is identified as a solid-fluid 
contact in the low-resolution images is identified as fluid-fluid contact in the high-
resolution images (Figure 5-10).  Thus, the wetting-intermediate interfacial area is 
significantly greater in the high-resolution images. 
Table 5-5:  Comparison of fluid-fluid interfacial areas measured from high-resolution (5.5 um/voxel) 
scans to those measured from standard resolution (11 um/voxel) scans.  Two types of standard 
resolution scanning, 1-energy or 3-energy, are also compared. 
     
Intermediate/Wetting 
Interfacial Area per 
Volume 
Nonwetting/Intermediate 
Interfacial Area per 
Volume 
Nonwetting/Wetting 
Interfacial Area per 
Volume 
      (mm
-1)  (mm
-1)  (mm
-1) 
   hi-res  0.315  0.012  0.314 
   1-energy  0.324  0.013  0.256 
   3-energy  0.220  0.014  0.253 
% difference 
hi-res to 3-
energy  -30.25  17.30  -19.43 
hi-res to 1-
energy  2.79  6.98  -18.57 
3-energy to 1-
energy  47.38  -8.79  1.07 55 
 
As shown in Table 5-5, measurements from 3-energy scanning at standard resolution 
estimate intermediate/wetting interfacial area at approximately 30% less than those 
from high-resolution scanning; nonwetting/intermediate interfacial area at 
approximately 20% greater, and nonwetting/wetting interfacial area at 
approximately 20% less.  However, from inspection of the grayscale images, it 
appears that the identification of fluid layers at the solid surface is inaccurate.  It is 
due to edge effects which make the bead edges appear brighter.  This effect is 
greater in high-resolution scans than in standard ones.  For that reason, it seems that 
measurements from the 3-energy scanning method are more accurate than they 
appear in the error estimates. 
From inspection of the images resulting from 1-energy and 3-energy segmentations 
to the high-resolution segmentation, it appears that the one-energy segmentation 
incorrectly over-assigns pixels to the wetting phase at wetting-intermediate 
interfaces and also incorrectly over-assigns pixels to the solid phase at solid-wetting 
interfaces (Figure 5-11).  Thus, the similarity in 1-energy and high-resolution 
interfacial area measurements is misleading.  Fluid features are identified more 
accurately with 3-energy scanning than with 1-energy scanning.  
   
Figure 5-10:  Comparison of images generated with high-resolution (left) and standard resolution 
(right) scanning. 
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Figure 5-11:   Images generated from different scanning methods:  high resolution 3-energy (left), 
standard resolution 1-energy (center) and standard resolution 3-energy (right).  1-energy scanning 
sometimes resulted in misidentification voxels, leading to greater wetting-phase saturation and 
intermediate-wetting interfacial area measurements. 
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Chapter 6 - Conclusions 
Within the limited range of water saturations for which data were collected, three-
phase imbibition and drainage can be described by a unique Pc,ow-Sw-aow surface.  
While this result is encouraging, collecting data at lower water saturations is 
important for better understanding the three-phase Pc,ow-Sw-aow relationship. 
The saturation-related limitations to these experiments were due to the changing 
surface properties of the porous medium over time.  Our tests revealed that if a solid 
surface in contact with an organic phase is exposed to X-rays, its wettability will be 
rapidly altered relative to contact in the absence of X-rays.  Its affinity for water 
decreases; the decrease may be quantified by an increase in air-water contact angle.  
The porous media used in this study were composed of glass beads that were 
assumed to be initially water-wet.  However, if a water film existed initially on the 
solid surface, it was not sufficient to prevent contact between solid and oil, because 
there is an unequivocal change in the glass beads’ wettability over time.  Surface 
wettability may be especially prone to change in three-phase systems of smooth 
solid media:  invading oil spreads in layers between water and air, surrounding gas 
bubbles; at air-water-solid contact lines, oil is separated from the solid surface only 
by a thin water film.  Exposing this system to X-rays will quickly modify the 
wettability of the oil-exposed solid surface.  The presence of an organic dopant 
seems to further increase the rate and possibly the degree of modification. 
Previous studies have shown that prolonged (40-day) contact between oil and solid 
will modify the solid wettability; we found four days of contact plus 1.5 hours of X-
ray exposure is sufficient.  Using X-ray microtomography to observe transport of 
organic liquids in porous media will therefore inevitably change the surface 
properties of the media.  The amount of X-ray exposure over several days of 
experimentation exceeds what is necessary for a significant wettability alteration to 
occur. 58 
 
Spreading oil layers have been credited in previous studies with maintaining oil 
continuity in three-phase systems, and consequently allowing for drainage to very 
low oil saturations.  Layers cannot form in two-phase systems, so oil becomes 
trapped in isolated blobs.  Many studies recommend taking advantage of these 
spreading oil layers to maximize oil extraction from water-wet reservoirs. 
However, in systems like the one in this study that are not strongly water wet, oil 
remains at the solid surface as spreading layers thin out during water imbibition, 
resulting in a loss of oil connectivity and high residual oil saturations.  Furthermore, 
water loses connectivity once it no longer wets the complete solid surface.  Thus, the 
change in surface wettability led to decreased percolation through the porous 
medium.  Flow of both water and oil became increasingly restricted as experiments 
progressed.  In order to conduct a more thorough investigation of the Pc,ow-Sw-aow 
relationship over a wider range of water saturations, it appears necessary to 
maintain strong water wettability of the solid for the duration of the drainage, 
imbibition, and scanning experiments. 
An area for future study would be the role surface roughness might play a role in 
preserving the solid’s affinity for water.  Crevices in the solid surface support water 
layers that are microns in thickness, compared to water films which are only 
nanometers in thickness.  “Thick” water layers might prevent direct contact between 
oil and solid.  Conducting similar experiments in systems of glass beads with etched 
surfaces would test this hypothesis. 
On the other hand, although a strongly water wet system is one interesting case, it is 
important to note the particular tendency of the solid phase to change wettability in 
three-phase systems compared to two-phase ones, as discussed previously.  
Furthermore, the limitations of this experiment represent reality, since few natural 
three-phase systems are strongly water-wet as a result of long-term contact 
between oil and solid (Blunt 2002).  Therefore, another interesting area for study 59 
 
would be to look more closely at the effect of surface wettability on the Pc,ow-Sw-aow  
relationship, as well as its effect on residual oil saturation in three-phase systems.   
Based on the error analysis presented in this paper, 3-energy scanning is the 
recommended method for future experiments.  High-resolution scanning may be 
useful at a few points during data collection in order to monitor the presence and 
persistence of wetting layers.  However, because contrast is greater at phase 
transitions in high-resolution scans than in standard-resolution ones, the voxels at 
the outer rim of the beads appear to be misidentified as fluid in high-resolution 
images.  For that reason, care should be taken in interpreting measurements from 
high-resolution scans. 
   60 
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